Although removal of the pineal gland has been shown to have very little effect on the mammalian circadian system in constant darkness (DD), several recent reports have suggested that the mammalian pineal gland may be more important for circadian organization in nocturnal rodents than was previously believed. Removal of the pineal gland (PINX) facilitates the disruptive effects of constant bright light on wheel-running rhythmicity This suggests at least two possibilities for the role of the pineal gland in the mammalian circadian system. First, pinealectomized rats may perceive ambient light intensity to be brighter than do sham-operated (SHAM) rats. Second, the pineal gland, probably via its secretion of melatonin, may also be involved in coupling components of the circadian system. Coupling, as we see it, may occur at several levels of organization : (1) between retinohypothalamic afferents and suprachiasmatic nuclei (SCN) oscillatory neurons, (2) among multiple SCN oscillators, (3) between the SCN and their multiple outputs, and/or (4) among the multiple circadian outputs themselves. In this study we show that PINX rats free-run with a longer period in four different light intensities than do SHAM rats. Moreover, the rate of increase of &tau; is greater among PINX rats than among SHAM rats. This supports the first hypothesis. We also show that in PINX rats the circadian rhythms of wheel running, general activity, body temperature, and heart rate are all more disrupted in constant bright light than are those of SHAM rats, and each rhythmic output is disrupted in parallel. This supports the second hypothesis. Melatonin is probably not involved in coupling presynaptic elements of SCN afferents in the retinohypothalamic tract to pacemaking cells within the SCN, since enucleation has no effect on SCN 2-[ 125 I]iodomelatonin (IMEL) binding. Together the data do not discount either of the two hypotheses but do restrict the possible levels at which the pineal gland is involved in coupling. These data also further support a growing body of literature indicating that the pineal gland and its hormone melatonin play a role in mammalian circadian organization.
INTRODUCTION
Mammalian circadian organization is derived primarily from circadian oscillators within the hypothalamic suprachiasmatic nuclei (SCN), which serve as &dquo;master pacemakers&dquo; controlling a wide array of behavioral and physiological rhythms, including locomotion, sleepBwake cycles, thermoregulation, cardiovascular function, and many endocrine processes (Moore, 1983; Rusak and Zucker, 1979; Warren et al., 1994) including the biosynthesis of melatonin by the pineal gland (Klein and . The systemlevel complexity of this essentially hierarchical organization is not fully understood, but there is at least accumulating evidence indicating that slave oscillator(s) in the pineal gland may feed back to regulate overt circadian rhythms at the level of the SCN. These processes, along with other feedback mechanisms such as ascending reticular input (activity-dependence; cf. Turek, 1987) , may contribute to overall circadian organization.
The evidence for pineal feed-back on SCN and circadian function is manifold. First, the SCN contain specific, high affinity melatonin receptors (Vanecek et al., 1987; Reppert et al., 1988; Weaver et al., 1989) . Second, the SCN are physiologically sensitive to exogenous melatonin in vivo and in vitro in a phase-and dose-dependent fashion (Cassone et al., 1987 (Cassone et al., , 1988 ; Mason and Rusak, 1990; McArthur et al., 1991 ; Margraf and Lynch, 1993; Shibata et al., 1989; Yu et al., 1993) .
Third, administration of exogenous melatonin entrains the circadian rhythms of several species of mammals (Redman et al., 1983a; Armstrong et al., 1986; Cassone et al., 1986;  Thomas and Armstrong, 1988 ; Darrow and Doyle, 1990; Illnerova, 1991) . Fourth, pinealectomy (PINX) of rats and hamsters increases the apparent rates of re-entrainment in response to large shifts of photoperiod (Quay, 1970; Redman et al., 1983b;  Armstrong, 1989; Finkelstein et al., 1978) . Finally, PINX of rats and hamsters facilitates the disruption of wheel-running activity rhythms in constant light (LL) (Cassone, 1992;  Aguilar-Roblero and Vega-González, 1993) .
The effects of PINX in LL and in re-entrainment to new photoperiods suggest at least two possible mechanisms by which the pineal gland may modulate the mammalian circadian system. First, pinealectomy may simply increase the photic sensitivity of the circadian system either at the level of the retinae themselves or within retinorecipient elements of the system. Melatonin is synthesized in the retinae of several vertebrate species and has been implicated in the control of dark adaptation in the retinae of mammals, birds, and amphibians (Besharse and Iuvone, 1983; Dubocovich, 1988; Reme et al., 1991 ; press). Perhaps melatonin is involved in regulating light sensitivity of the SCN via its retinal effects and/or direct modulation of retinohypothalamic afferents. The effects of LL on T are known to be intensity dependent, where increasing intensities of light increase i in nocturnal rodents (Aschoff, 1960) . Therefore, if PINX rats perceive ambient light intensity to be higher than do their sham-operated (SHAM) controls, then, as light intensity increases, T would increase at a greater rate in PINX than in SHAM rats. The present study tests this hypothesis.
The second possible mechanism involves the complex issue of coupling. In general, coupling in an oscillating system infers the presence of more than one oscillator, or at least more than one component within the oscillating system. Several authors have been able to dissociate multiple circadian outputs in several species including humans (Aschoff, 1965; Wever, 1979) , squirrel monkeys (Sulzman et al., 1979) , and rats (Eastman, 1980; Lemmer et al., 1993; Warren et al., 1994) . Some of these authors have suggested, based on these data, that more than one circadian oscillator must be present, although this is neither a theoretical nor experimental necessity (Warren et al., 1994) . These putative, multiple oscillators and/or system components must logically be coupled to establish synchronous circadian organization, but the coupling pathway(s) by which this occurs have not been identified. In passerine birds, the circadian secretion of melatonin by the pineal gland almost certainly serves to couple multiple circadian components into a single bout of activity and to synchronize rhythms of cerebral metabolism Cassone, 1993a, 1993b) . The mammalian pineal gland, probably via its secretion of melatonin, may also be involved in coupling. Coupling may occur at several levels of organization: (1) between retinohypothalamic afferents and SCN oscillatory neurons, (2) among multiple SCN oscillators, (3) between the SCN and their multiple outputs, and/or (4) among the multiple circadian outputs themselves. As a first step in discerning these coupling pathways, the present study will assess the effects of PINX on multiple outputs known to be differentially controlled by the SCN and mammalian circadian organization.
MATERIALS AND METHODS

Experiment 1: Effects of Pinealectomy on 't
Adult male Long-Evans rats (n = 24 males) were maintained in a light-dark (LD) cycle of 12 h light and 12 h darkness. Light intensity measured at different points in the room was on average 3.5 x 1p15 quanta/cm2/sec or 360 lux, ranging from 2.5 x 1015 on the bottom rack to 4.5 x 1015 quanta/cm2/sec on the top rack. Food (Purina rat chow) and water were continuously available. Rats were housed in cages equipped with running wheels, and data were collected exactly as previously reported . After 14 days, rats were anesthetized and either were surgically pinealectomized (PINX; n = 12) or received a sham pinealectomy (SHAM; n = 12). These procedures were carried out exactly as before .
Rats were allowed to recover in LD 12:12 for an additional 14 days before being placed into constant darkness (DD1). Cages were changed every 21 days during the experiment. After 14 days in DD, rats were subjected to gradually increasing constant light (LL) in 14-day intervals. The fluorescent bulbs were removed from the fixtures and completely covered with black electrical tape. They were then placed back into the fixtures, and, using a razor, a strip approximately 2 mm wide was removed from one of the bulbs in each fixture for the first 14 days of LL. Each subsequent light intensity was achieved by removing another small strip of the tape. The average light intensity was measured in quanta/ cm2 / see for each 14-day interval and were as follows (from first to last 14 days of LL): 4.5 x 1013 (LL1), 1.5 x 1014 (LL2), 5.0 x 1014 (LL3), 3.5 x 1015 (LL4), and 7.5 x 1015 (LL5). During the last 14 days (light intensity: 7.5 x 1015), a bank of four fluorescent fixtures containing eight fluorescent bulbs was placed in front of the rack where the rats were housed. Rats were then placed back in DD (DD2) for an additional 14 days. Following these procedures, all rats were anesthetized, transcardially perfused, and the completeness of surgeries was checked as previously reported .
Power spectral analysis employing a fast Fourier transform (FFT) was applied to the data from each animal for the last 10 days of each 14-day bin in 90-min intervals starting with the last 10 days in the first treatment of constant darkness (DD1). The circadian peak was determined as that peak in the FFT corre-sponding most closely to 1 cycle/day, and percent circadian power (PCP) was determined exactly as previously described (Cassone, 1992; Warren et al., 1994) . Differences in circadian power were determined using Mann-Whitney Wilcoxon U-test.
The data from the 10-day bins that were used in calculating PCP were also used in determining period by chi-square (X2) periodogram analysis (Sokolove and Bushel, 1978) . Estimates of were compared between PINX and SHAM groups by Student's t test. These data appeared to increase exponentially. Therefore, the rate of loglo of T was regressed against the exponent of light intensity to calculate rate of increase in T. The slopes of the resulting regression lines were compared using Student's t test (Goldstein, 1964) .
Experiment 2: Effects of Pinealectomy on Multiple Circadian Outputs
Adult hooded Long-Evans rats (n = 12 males) were maintained as above. After 14 days, rats were anesthetized and were either surgically pinealectomized (PINX; n = 6) or received a sham pinealectomy (SHAM; n = 6) as above.
Following 14 days of recovery time, rats were anesthetized again and were implanted intraperitoneally with #TAI0CTA-F40 transmitters (Mini-Mitter Co.) to simultaneously measure general activity, body temperature, and heart rate. The receivers (model #RA1010; Mini-Mitter, Co.), placed under each cage, provided a digital representation of the telemetered signal in a format compatible with the data collection system described above. These rats also had access to running wheels, so data from four outputs were collected using Dataquest III as previously described (Warren et al., 1994) .
After implantation of the transmitters, the rats were allowed to entrain to LD 12:12 for 14 days. Because previous studies suggest that exposure to a long photoperiod prior to LL facilitates the disruptive effects of PINX (Cassone, 1992) , we next placed the rats into LD 20:4 for 19 days. Rats were then placed in LL (light intensity = 3.5 x 1015 quanta/cm2/sec or 360 lux, ranging from 2.5 x 1015 on the bottom rack to 4.5 x 1015 quanta/cm2/sec on the top rack). After LL for 14 days, rats were anesthetized and processed as above for surgery verification of PINX.
Power spectral analysis was used exactly as before, except in this case data were taken from the last 7 days of LD 12:12, LD 20:4, first 7 days of LL, and the last 7 days of LL. This analysis was also performed on the entire 14-day period in LL and differences in PCP among circadian measures were determined using one-way analysis of variance. This analysis was done in order to address the idea that one rhythm may become more disrupted than another in LL following pinealectomy. Also, amplitude was estimated by using cosinor analysis. The same 7-day bins were used as above and the amplitude value given for the best estimate of T was used in each case. The phase angle ('P) of each output to the LD cycle was determined, as was the duration (a) of each output during LD and LL. T in LD was determined using the relationship of dark onset to the onset of each circadian measure. In LL, the onset of heart rate was used as the phase-reference point. Onsets of wheel-running and general activity were defined as the beginning of an epoch of activity where revolutions or activity above 10 counts per 10-min interval persisted for three consecutive 10-min bins. Onset of body temperature and heart rate was defined as an increase above baseline, typically above 37.2°C for body temperature and 340 beats/min for heart rate. Significant differences were determined using Student's t test.
Experiment 3: Effects of Blinding on IMEL Binding in Hypothalamus
Adult male Long-Evans rats (n = 12 males) were maintained in a light-dark (LD) cycle of 12 h light and 12 h darkness with food and water continuously available. Rats were housed in cages equipped with running wheels and data were collected exactly as before. After 14 days, 6 rats were anesthetized with vapors of methoxyflurane (Metofane) and blinded by bilateral enucleation. On the same day, all rats were placed into DD.
After 14 days in DD, wheel-running activity was used to determine circadian time (CT) 10, using activity onset to define CT 12. On Day 15, rats were anesthetized and perfused as before. Rats were then decapitated and the brains were removed from the skull and frozen in (-40°C) isopentane.
Serial coronal sections (20 Jlm) were cut through the rostro-caudal extent of the hypothalamus on a cryostat. Sections were thaw-mounted onto gelatincoated slides, six sections per slide, and stored at -20°C. The in vitro binding assay was performed as previously reported (Brooks and Cassone, 1992; Weaver et al., 1989) . The concentration of IMEL used was 100 pM. Also, to determine nonspecific binding, alternate slides were placed in incubation buffer containing 100 pM IMEL plus 1 )nM &dquo;cold&dquo; melatonin (Sigma Chemical Co., St. Louis, MO).
All slides were dried and apposed to P-Max Hyperfilm (Amersham) for 21 days at -80°C to generate autoradiographs. Radioactive standards (20-jnM 14C microscales, Amersham) were placed on each film to allow quantitative analysis of the binding densities. The sections were cleared and stained with cresyl violet to allow anatomical localization of the SCN and median eminence.
Video images of autoradiographs were digitized for analysis of binding, and binding densities of individual brain structures were measured using a computerbased image analysis system.
RESULTS
Experiment 1: Effects of Pinealectomy on 't
After recovering from surgery, rats in both groups entrained to the LD 12:12 similarly and had similar free-running periods in both the first 14 days of DD and the next 14 days of 4.5 x 1013 quanta/cm2/sec LL.
No differences were observed in T during DD or LL1 between SHAM and PINX rats (Figs. 1 & 2A) .
When the light intensity was 1.5 x 1014 quanta/ cm2/sec (LL2) or higher, SHAM and PINX rats behaved differently ( Fig. 2A ). Using the value of given by x2 periodogram analysis for the last 10 days of each experimental treatment (i.e., DD1, LL1-LL5, and DD2), PINX rats had a significantly longer free-running period in 1.5 x 1014 (LL2), 5.0 x 1014 (LL3), 3.5 x 1015 (LL4), and 7.5 x 1015 quanta/cm2/sec (LL5) (p < 0.05) (Figs. 1 & 2B). These differences disappeared following transfer from LL5 to DD2. Regression of the log-log transformation of T versus light intensity revealed that T increased more rapidly in PINX rats than in SHAM rats (t = 7.01; p < 0.01) (Fig. 2B) . No significant differences in PCP were observed between SHAM and PINX animals at any time during this experiment (Table 1) . and SHAM surgeries in 1-3 days and resumed wheel running. After the transmitters were implanted, ro- Figure 1 . Double-plotted actograms of wheel running in SHAM and PINX rats held in constant darkness (DD) followed by five different increasing intensities of light and DD. The light intensity during the 5 LL treatments lasted 14 days each and were as follows: 4.5 x 1013 (LL1), 1.5 x 1014 (LL2), 5.0 x 1014 (LL3), 3.5 x 1015 (LL4), and 7.5 x 1015 (LL5) quantalcm2/sec. Notice that the onset of wheel running reaches the right edge of the actogram more rapidly in the two PINX rats indicating longer free-running periods.
bust circadian rhythms were measured in all outputs in LD 12:12.
When placed into LD 20:4, all SHAM and PINX rats were able to entrain during the first 7 days. However, three of six PINX rats showed an unusual splitting behavior during exposure to LD 20:4. Figure 4 shows the actograms of a PINX rat that was able to entrain to the long photoperiod, whereas Figure 5 shows the actograms of a rat exhibiting splitting of circadian rhythmicity in all parameters (wheel running, general activity, body temperature, and heart rate) in LD 20:4. When placed into LL (3.5 x 1015 quanta/ cm2 / see or about 360 lux), SHAM and PINX rats responded dramatically differently . Circadian power was Figure 2 . The effects of increasing light intensity on the free-running periods of SHAM and PINX rats. (A) This histogram depicts the absolute values of T as determined by x2 periodogram analysis under the different lighting conditions. SHAM rats have shorter free-running periods than do PINX rats in LL2-LL5, but no difference is seen between groups in either DD or LL1. (B) Log-log transformation of the data indicates that the rate of increase in T is greater in PINX rats than in SHAM rats. Slopes of these two lines are significantly different (p < 0.01) as determined by Student's t test. significantly reduced in PINX rats during both the first 7 days and the second 7 days of LL when compared to their SHAM-operated controls in all outputs (p < 0.05) (Fig. 6 ). PCP was significantly less in the PINX group in all outputs. The degree of rhythm disruption was similar for all outputs. ANOVA of the PCP values for the 14 days of LL revealed no significant differences among these outputs within PINX and SHAM rats.
Amplitude values are summarized in Table 2 . These amplitude values were determined using cosinor analysis (i.e., LD 12:12, LD 20:4, etc.). The amplitude of each rhythmic output was not altered by pinealectomy. Phase angle during LD and LL and a in LD 12:12 among all four outputs were also not affected by PINX. The phase angles of heart rate to lights-off were greater in both SHAM and PINX rats compared to those of wheel running and general activity in LD 12:12 (p < 0.05) (Fig. 7) . Also body temperature remained consis-tently above baseline while locomotor and heart rate rhythms displayed bouts of activity during the dark phase (Fig. 7 ).
Experiment 3: Effects of Blinding on IMEL Binding in Hypothalamus
Specific labeling was observed in the hypothalamus (pars tuberalis and SCN) as previously reported (Fig. 8) (Weaver et al., 1989) . No significant differences between SHAM and enucleated rats in specific binding were observed in either the pars tuberalis or SCN. Specific binding was 0.75 ± 0.075 fmoles/mg tissue in the pars tuberalis of blinded rats and 0.72 ± 0.065 fmoles/mg tissue in the pars tuberalis of intact rats. Specific binding in the SCN of blinded rats measured 0.075 ± 0.01 fmoles/mg tissue and in intact rats, 0.08 ± 0.02 fmoles/mg (Fig. 8 ). 
DISCUSSION
The present study indicates that the free-running periods (r) of PINX rats increase more rapidly in response to increasing light intensities than do those of their SHAM controls (Figs. 1 & 2) . In light intensities ranging from 1.5 x 1014 (LL2) to 7.5 x 1015 (LL5) quanta/ cm2 / sec, 't was greater in PINX than in SHAM rats, whereas as in DD or lower LL intensities, no effect of PINX was apparent ( Fig. 2A ). Log-log transformation of these data indicates that the rate at which the circadian system decelerates in LL (lengthening of r) is more rapid following PINX (Fig. 2B ). Interestingly, and in apparent conflict with a previous study (Cassone, 1992) , no significant effect of PINX on PCP was observed in this experiment, although the average PCP tended to be slightly lower in PINX rats (Table 1) . However, the lighting regimes in this experiment were significantly different than were those in the previous study In contrast, when PINX and SHAM rats were transferred from a long photoperiod to LL as in Cassone (1992) , we obtained data that were consistent with that result (Figs. 3-5 ). Circadian patterns of heart rate, body temperature, wheel running, and general activity were more likely to split into multiple bouts in PINX rats than in SHAM animals, and their PCP was significantly lowered by the surgery (Fig. 6 ). Circadian frequencies, furthermore, of all four overt expressions of the clock(s) were disrupted by LL similarly.
The observations that 't in PINX rats increases more rapidly in response to increasing light intensities than do SHAM rats and that multiple rhythms of PINX rats become disrupted when these animals are transferred from long photoperiods to LL are consistent with the view that these animals are more sensitive to light. This idea was first raised by Quay and others (Quay, 1970; Rusak, 1982; Redman et al., 1983b; Armstrong, 1989) to account for the fact that pinealectomized rats (Quay, 1970; Redman et al., 1983b) and hamsters (Finkelstein et al., 1978) apparently re-entrain to phase-shifted photoperiods more rapidly than do intact or sham-operated animals when the animals reentrained to phase-delaying shifts in the LD cycle. Although it has been suggested that this may represent a masking effect of light (Aschoff et al., 1982; Rusak, 1982) , PINX rats re-entrain 30% faster than do SHAM rats in response to small phase-advancing shifts in the LD cycle (Redman et al., 1983b) . This phase-advancing paradigm does not necessitate that activity onset be exposed to light after the phase shift, which suggests that these results are not just a result of masking activity onset. Aschoff (1960) showed that more intense light shortens T in most diurnal organisms (primarily birds), while light lengthens period in most nocturnal organisms (primarily rodents). Accordingly, one might expect that if PINX renders rats more sensitive to light, these nocturnal rodents would express longer free-running periods. This appears to be the case (Figs. 1 & 2 ). Both this observation and the observation that multiple circadian outputs of PINX rats become disrupted in LL (Cassone, 1992;  Figs. 3-6 ) support the idea that PINX rats may perceive ambient light intensity to be brighter than do their SHAM controls.
If the pineal gland and melatonin modulate light sensitivity, then at which photosensory or visual system level does this modulation occur? The retinorecipient SCN has been the most intensively studied site of melatonin action, and the SCN have been implicated in luminance coding in addition to their oscillatory function (Meijer et al., 1986) . Melatonin affects this hypothalamic structure both in vivo and in vitro (Cassone et al., 1987 (Cassone et al., , 1988 Mason and Rusak, 1990 ; While all four rhythmic outputs entrained to both LD cycles, they became highly disrupted or split in LL. Table 2 . Mean amplitude (AMP.), phase angle (T), and length of bout (a) for wheel running, general activity, body temperature, and heart rate in different environmental conditions. '¥D,a_dark onset to onset of rhythm. ~R o-o~set of heart rate to onset of rhythm * p < 0.05 vs. ~,0 heart rate (LDl); ** p < 0.05 vs. a (LDl) .
that the pineal gland modulates this aspect of SCN function. Melatonin may also directly affect visual sensitivity within the retinae themselves. Specific, high affinity melatonin receptors are present in the retina as well as in the SCN, and melatonin inhibits dopamine release in the rabbit retina (Dubocovich, 1983 (Dubocovich, , 1988 . Further, administration of exogenous melatonin decreases the electroretinographic b-wave in humans (Emser et al., 1993) and chickens (Lu et al., in press ).
In addition to these direct effects of melatonin on photoreceptive or retinorecipient structures, photic sensitivity may be modulated indirectly as well. For example, the SCN has been implicated in the regulation of a rhythm of excitability in the dorsal lateral geniculate nucleus (Hanada and Kawamura, 1984) . Further, Reuss and Kiefer (1989) have reported that following intravenous injections of melatonin, the spontaneous discharge rate of single cells in the cat striate cortex was reduced and the amplitude of responses to photic stimulation was augmented. These data support the view that the pineal gland and its hormone melatonin may regulate light sensitivity by way of a direct effect on the SCN or retina, or via an indirect effect on other visual centers.
Alternatively, the pineal gland may be involved in coupling components of the mammalian circadian system (cf. Cassone et al., 1993) . The observations that T increases at a greater rate and that multiple circadian outputs dissociate in LL among PINX rats can also be interpreted as a change in coupling. Further, 3 of 6 PINX rats were unable to entrain to LD 20:4 ( Fig. 5 ). If the removal of the pineal gland simply increases the system's sensitivity to light, one would expect that PINX rats would more readily entrain to this unusual photoperiod. Pittendrigh and Daan (1976) suggest that if coupling among constituent oscillators is changed by a change in light intensity, then the period of the coupled system will also change even if the system remains unsplit. Of course, the best evidence for multiple oscillators and the necessary implication of their coupling is the observation of &dquo;splitting&dquo; behavior of Syrian hamsters under long-term exposure to LL (Pittendrigh and Daan, 1976; Pittendrigh, 1981) . Therefore, our data showing rhythm dissociation in rats, which may be analogous to splitting in hamsters (Aguilar-Roblero and Vega-Gonzalez, 1993) , can also indicate a decrease in system coupling in LL following PINX.
As stated above, we envision at least four levels at which the pineal gland may affect system coupling: (1) between retinohypothalamic afferents and SCN oscillatory neurons, (2) among multiple SCN oscillators, (3) between the SCN and their multiple outputs, and/or (4) among the multiple outputs. The present study cannot distinguish all of these pathways but can dis- Figure 5 . Double-plotted actograms of a SHAM-operated rat held in LD 12:12 (LD1), LD 20:4 (LD2), and LL (360 lux). (A) represents wheel running, (B) general activity, (C) body temperature, and (D) heart rate. This rat and two others did not maintain a fully entrained rhythm in LD2 or circadian rhythmicity in LL in all four rhythmic outputs. Figure 6. Percent circadian power (PCP) is lower in PINX rats than in SHAM rats in LL in (A) wheel running, (B) general activity, (C) body temperature, and (D) heart rate. LL1 represents the first 7 days of LL; LL2 represents the last 7 days of LL, and LL represents the entire 14 days in LL. * p < 0.05, compared to SHAM. count at least part of the first and fourth levels. First, melatonin is probably not involved in coupling presynaptic elements of SCN afferents in the retinohypothalamic tract to pacemaking cells within the SCN, since enucleation has no effect on SCN IMEL binding (Fig.  8 ). Melatonin, however, could be involved in coupling other SCN afferents to pacemaker neurons. For example, the SCN are innervated via afferents from the intergeniculate leaflet of the lateral geniculate complex (IGL) containing neuropeptide Y (Card et al., 1983; Harrington et al., 1985; Card and Moore, 1989) and a serotonergic input from mesencephalic raphe nuclei (Moore et al., 1978; Moore, 1983) . The present study does not address these afferents.
Second, although some authors have suggested that PINX uncouples different rhythmic outputs (Kawakami et al., 1972; Mouret et al., 1974; Scalabrino et al., 1979; Niles et al., 1979) , melatonin is not involved in the direct coupling among the circadian outputs of wheel running, general activity, body temperature, and heart rate as these are disrupted by PINX similarly (Figs. 4 & 5) . We do not believe that disruption of wheel-running behavior and / or general activity obligates an identical disruption of body temperature or heart rate. Close examination of the data in both LD and LL reveals that the circadian rhythm of heart rate is not driven by animals' activity levels. Although heart rate is higher during the animals' Figure 7 . Actograms depicting one 14-hour portion of data from a SHAM and a PINX rat in LD 12:12 show that the daily onset of elevated heart rate precedes the onsets of the other three outputs. Further, body temperature does not return to baseline in bouts as does activity or wheel running. WR = wheel running, GA = general activity, BT = body temperature, and HR = heart rate. 21:00 represents the time at which lights turned off. active phase in correlation with activity levels, the onset of heart rate elevation precedes the onsets of wheel-running, general activity, and body temperature by more than 30 min in both SHAM and PINX rats (Table 2; Fig. 7) . Conversely, the increase in cardiovascular tone does not predispose rats toward activity, since abolition of circadian patterns of heart rate by peripheral sympathectomy does not alter rhythms of activity or of body temperature (Warren et al., 1994) .
Even different cardiovascular variables, blood pressure and heart rate, can oscillate with different acrophases (Lemmer et al., 1993) . Body temperature also rises with activity, but even when the rat is not active during the night, body temperature remains above baseline while heart rate returns to baseline with activity ( Fig. 7) . These data suggest that an effect on one of the four outputs measured here does not necessitate an identical effect on the other three. It is therefore most likely that these multiple circadian outputs are affected by PINX at a level that is upstream of these output pathways, probably within the SCN.
Coupling among multiple SCN oscillators and/or between the SCN and their multiple outputs remain the most likely possibilities. Rusak and Yu (1993) reported that prior PINX causes a change in the amplitude of the circadian firing-rate rhythm in SCN cells in vitro and that this reduction could reflect a loss of amplitude in SCN cells or a reduction in the strength of the efferent signal from an otherwise intact pacemaker. We do not find that amplitude among the four measured outputs is altered by PINX (Table 2) , but the data do not preclude a reduction in SCN rhythm amplitude. Indeed, if SCN neurons expressed reduced intra-SCN coupling, a reduction in rhythm and/or efferent amplitude would be predicted.
In oscine, passeriform birds, the pineal gland and its hormone melatonin play a very crucial role in the regulation of circadian rhythmicity (cf. Menaker, 1982) . Analysis of the sites of melatonin action in the house sparrow brain reveal some surprising similarities between the avian circadian system and the effects of PINX in rats we observe here. When PINX sparrows are transferred from LD to DD, the circadian patterns of activity gradually damp to arrhythmicity over 3-10 days (Gaston and Menaker, 1968; Lu and Cassone, 1993a) . Simultaneously, the circadian rhythm of 2- Figure 8 . 2[125I]iodomelatonin binding within the SCN of rats is not affected by bilateral orbital enucleation. Rats were sacrificed at CT 10 as indicated by the asterisk in each of the actograms. deoxyF4C]glucose (DG) uptake in the visual suprachiasmatic nucleus (vSCN) decreases in amplitude to arrhythmicity in PINX birds, while SHAM birds' activity and vSCN 2DG uptake patterns remain rhythmic for at least 10 days in DD (Lu and Cassone, 1993a) . Daily administration of melatonin restores the daily pattern both of activity and of vSCN 2DG uptake (Lu and Cassone, 1993b) . These data would suggest that loss of the pineal gland results in reduced system coupling, while melatonin restores it. However, analysis of the distribution of IMEL binding in this and other avian species indicates that melatonin directly affects visual transduction, since IMEL binding is observed in the retinae, retinorecipient, and integrative structures of all four visual pathways (Cassone and Brooks, 1991; press). Therefore, it is difficult to discern whether the pineal gland in house sparrows or in rats affects the system via modulation of photoreception or through coupling. Perhaps it functions in both processes.
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